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Objective. The objective of this project, which was initiated from the Academy of Dental
Materials, was to review and critically appraise methods to determine fracture, deforma-
tion and wear resistance of dental resin composites, in an attempt to provide guidance for
investigators endeavoring to study these properties for these materials.
Methods. Test methods have been ranked in the priority of the speciﬁc property being tested,
as well as of the speciﬁc test methods for evaluating that property. Focus was placed on the
tests that are considered to be of the highest priority in terms of being the most useful,
applicable, supported by the literature, and which show a correlation with clinical ﬁnd-
ings. Others are mentioned brieﬂy for the purpose of being inclusive. When a standard test
method exists, including those used in other ﬁelds, these have been identiﬁed in the begin-
ning of each section. Also, some examples from the resin composite literature are included
for each test method.
Results. The properties for evaluating resin composites were ranked in the priority of
measurement as following: (1) Strength, ElasticModulus, Fracture toughness, Fatigue, Inden-
tation Hardness, Wear—abrasion (third body) and Wear—attrition (contact/two body), (2)
Toughness, Edge strength (chipping) and (3) Wear determined by toothbrush.
Signiﬁcance. The following guidance is meant to aid the researcher in choosing the proper
method to assess key properties of dental resin composites with regard to their fracture,
deformation and wear resistance.
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1. Introduction
Any dental restorative or prosthetic material, as well as natu-
ral teeth,must have sufﬁcientmechanical integrity to function
in the oral cavity for an extended period of time, hopefully
encompassing the lifetime of the patient. Thus, the study of
the mechanical properties of these materials is highly clini-
cally relevant. In support of this statement is the fact that one
of the leading causes of failure of dental composite restora-
tives is premature failure due to fracture [1]. Though the
occurrence of these failures is not rampant and its frequency
may not even be greater than that for dental amalgam [2],
enhancement of the fracture resistance properties of these
materials is constantly being sought and if attained would
likely enhance the longevity of dental composite restorations.
While a standard methodology exists for testing of dental
composite strength [3], the minimal strengths identiﬁed in
the standard for various clinical uses does not represent a
value determined from engineering design models or exten-
sive clinical testing. Therefore, the mechanical properties of
commercial dental composites vary widely, and the general
consensuswhen formulating or developing a new product has
basically been “higher is better.”
Regardless, the importance of understanding and fully
characterizing the fracture anddeformation resistance of den-
tal composites cannot be overstated, andmanymethods exist
for this purpose. These methods have been adopted from
test methods developed for other materials, since compos-
ites are a relatively “new” dental material. Therefore, the test
methods for dental composites have often been adapted to
accommodate the unique specimenmanipulation and forma-
tion needs for a material that is designed to be placed in situ
in one state and then converted to its permanent, mechani-
cally more stable state. A review and evaluation of many of
these test methods follows in an attempt to provide guidance
for investigators endeavoring to study themechanical proper-
ties of dental composites. These testmethods have been listed
(Table 1) in a way that provides a ranking of the priority of the
speciﬁcproperty being tested, aswell as the rankingof the spe-
ciﬁc test methods for evaluating that property. To create this
table, focus was placed on the tests that are considered to be
of the highest priority in terms of being themost useful, appli-
cable, and supported by the literature. Others are mentioned
brieﬂy for the purpose of being inclusive. In all cases, when
a standard test method exists, including those used in other
ﬁelds, these have been identiﬁed in the beginning of each sec-
tion. Also, some examples from the composite literature are
included for each test method.
It is also important to point out that because dental com-
posite materials must be molded into the required test shape
and polymerized, the quality of the specimen can inﬂuence
the outcome of the test. It is probably best to ensure that the
material is adequately and uniformly cured for the appropri-
ate amount of time for self-cure materials and with sufﬁcient
light energy for photo-cured or dual-cured materials. While
these conditions may not always be the most clinically rele-
vant, i.e. they do not test for the effects of under-curing, they
will provide the most valid test results and will characterize
the optimum properties attainable for that material.
2. Guidelines/speciﬁc recommendations for
measuring Fracture
Resistance/Strength/Toughness
2.1. Strength
Strength is not an inherent property of a material. Therefore
the recorded value is a function of the geometry and prepara-
tion of the specimen, as well as the testing method. Because
force is applied in different ways to create internal stresses
within amaterial, what ismeasured and recorded as strength,
or resistance to catastrophic fracture, is dependent upon the
conditions of the test. It may seem very logical to test the
strength of a material under the typical loading conditions
it will face in the oral cavity. To some extent this is useful,
but it should be remembered that most external forces on
a material will resolve themselves as stresses along various
planes within the structure, often leading to tensile and shear
stresses even when the specimen is placed under compres-
sion. This is especially true in the oral cavity where simple
axial loading is almost never encountered due to the anatomy
of teeth and the 3-dimensional nature of jaw mechanics. In
addition, because the strength of the material is a function
not only of its composition, but also of its quality of prepa-
ration, i.e. internal porosity, inclusions, surface ﬂaws, etc., it
is typically agreed that testing the material under its most
challengingmechanical situationmay bemost instructive and
lead to a reduced chance of accepting a material that ulti-
mately fails prematurely due to inadequate strength under
complex loading conditions. For this reason, testing ofmateri-
als in tensile loading is typically consideredmost appropriate.
Because tensile loading is also the most difﬁcult to control
experimentally, ﬂexure is often the substituted mode, as it
develops tensile, compressive and shear stresses during the
test. In any case, one should keep this inmindwhen preparing
specimens for testing to ensure that thematerial is sound and
generally devoid of signiﬁcant surface and internal ﬂaws. The
ISO standard 4049 for dental composites includes a ﬂexure, or
transverse, testing modality, and this will be described ﬁrst.
There is evidence from a systematic review on the correlation
between ﬂexural strength and clinical fractures of posterior
resin composite restorations (31 different materials) that ﬂex-
ural strength correlates moderately with clinical wear but not
with bulk fractures [4,5]. Artiﬁcial aging by storing the speci-
mens in ethanol or some other solvent prior to breaking them
may enhance the correlation with clinical results [5].
2.1.1. Flexure
2.1.1.1. Transverse bending (ISO 4049 [3]; ASTM D790-10 [6];
ISO 178-2010 [7]). This is a common test method for the
strength of dental composites [8], and can be accomplished
several ways based on the selection of loading supports and
load applicators, and the geometry of the specimen, in addi-
tion to the method of preparing the specimen [9]. Typically,
testing is accomplished in 3-point bending (Fig. 1), implying
that the specimen is a beam of speciﬁc dimensions, supported
on two rollers of a speciﬁed distance apart (span), and loading
from a point source at the top-center of the beam. The test
method for dental composites is speciﬁed in ISO 4049, and for
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Table 1 – Summary of available methods to determine fracture, deformation and wear resistance of dental resin
composites, ranked in the priority of the speciﬁc property being tested, as well as of the speciﬁc test methods for
evaluating that property.
Clinical issue/
requirement
Properties Property
rank
Method Test rank
Fracture and deformation
resistance
Strength 1 3-Point bending (ISO 4049) 1
4-Point bending 2
Biaxial ﬂexural (ASTM F394-78) 2
Compression (ASTM D695) 3
Tensile (ASTM D638) 1
Diametral tensile (ANSI/ADA Spec 27) 4
Impact (ISO 179/1961) 2
Transverse impact (DIN 53 453) 2
Shear 4
Shear punch ASTM D732-46) 2
Toughness 2 Calculated from strength test 1
Impact (ISO 179/1961) 2
Transverse impact (DIN 53 453) 2
Fracture toughnesszr 1 Double torsion 2
Indentation—Vickers 3
Chevron notched specimens (ASTM E1304-97) 2
Single-edge notched beam (ASTM E399-12) 1
Compact tension (ASTM E399-12) 2
Edge strength—chipping 2 CK10 instrument (with acoustic emission) 1
Fatigue 1 Fatigue strength—Staircase 2
Fatigue resistance—uniaxial loading (ASTM E606/E606M-12) 2
Elastic Modulus 1 3-Point bending (ISO 4049) 2
4-Point bending 1
Biaxial ﬂexural strength (ASTM F394-78) 3
Compression (ASTM D695) 3
Tensile 1
Diametral tensile (ANSI/ADA Spec 27) 4
Indentation(ISO/FDIS 14577-1) 1
Indentation Hardness 1 Martens (universal) (E DIN 50359) 1
Vickers (ISO 6507-1) 3
Knoop (ISO 6507-1) 3
Rockwell (ISO 2039-2) 3
Brinell (ISO 6506-1:200) 3
Wear resistance Wear—abrasion/three body 1 OHSU abrasion (ISO TS No. 14569-2) 1
Alabama generalized (ISO TS No. 14569-2) 2
ACTA(ISO TS No. 14569-2) 3
Wear—attrition/contact/two
body
1 OHSU attrition(ISO TS No. 14569-2) 2
Alabama localized (ISO TS No. 14569-2) 3
Ivoclar-Willytec simulator 2
Munich-Willytec simulator 2
Wear—toothbrush 3 Toothbrush/toothpaste(ISO TS No. 14569-2) 3
other plastics in ASTM D790-10. Brieﬂy, the beam should be
produced with an appropriate size for the testing supports in
order to satisfy the criteria for beam mechanics (i.e. approxi-
mately 10% additional material beyond the supports on each
end), and should be tested on a rigid test frame of very low
compliance (i.e. any deformation of the test frame/jigs during
the test can be disregarded and all load is being transferred
directly to the specimen). It is emphasized not to stray from
these criteria, or the outcomesmaynot be valid. Testing is usu-
ally accomplished to failure, and it is expected that there will
be minimal plastic deformation of the specimen. Signiﬁcant
bending of the beammay invalidate the test, and if this occurs,
one option is to calculate a yield strength, basically the point at
which the load-deﬂection curve deviates from linearity, rather
than reporting a failure load. The ideal test method includes
a strain gauge or extensometer to measure the true deforma-
tion of the beam, but this is rarely done out of convenience.
When the specimen is relatively rigid, and the test frame is
very rigid, the true measurement of deformation during the
test is less critical, and one can correlate cross-head motion
to beam deﬂection within a reasonable error to measure the
elastic modulus as well as the strength.
Flexure strength can also be tested by loading in four-point
bending (Fig. 2), in which the load applicator is not a single
point source, but consists of two points separated by a well
prescribed distance. The beneﬁt of the 4-point method is that
it concentrates the stress over a wider area of the beam, and
thus ensures that failure of the beam will occur within this
region, a criterion for applying the beam equations accurately
[10]. In the 3-point method, it is possible for the beam to fail
from a position not directly under the applied load, which
may violate the mechanics and lead to potentially erroneous
results. In general, evidence suggests that strengths may be
higher when tested in 3-point vs. 4-point bending [11]. Oth-
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Fig 1 – Schematic of the three point bend test with graphs
of bending moment M, and deﬂection w.
erwise, the two tests are conducted in the same manner and
can be performed on specimens of the same dimensions.
2.1.1.2. Biaxial ﬂexure (ASTM F394-78 [12]). This is a method
where a disk-shaped specimen is placed on top of a sup-
port, either a three legged support or on a ring that supports
the entire circumference of the specimen, which provides a
uniform distribution of tensile stress within the specimen
emanating from the bottom surface (Fig. 3.). This method is
typically used for brittle materials, and has only infrequently
been used for dental composites. In part, this is because it
is not difﬁcult to conduct transverse ﬂexure tests with com-
posite. However, evidence suggests that the results from the
biaxial test correlates with those from 3-point ﬂexure tests
and shows less variability in the data [13,14].
2.1.2. Compression (ASTM D695 [15]; ISO 604 [16])
Compression testing is relatively simple in that an axial force
is applied at a constant strain rate to a cylindrical specimen,
setting up tensile and shear stresses within the material that
cause failure (Fig. 4a). While it is logical that restorations
should experience compressive forces, as stated previously,
Fig. 2 – Schematic of the four point bend test with graphs of
bending moment M, and deﬂection w.
Fig. 3 – Schematic of the biaxial ﬂexure test method, with
loading and support ring (left) or with a three legged
support (right).
mostly these resolve asmore complex stresseswithin thebody
of the material and failure is not due to actual compression
of the material. Many materials, especially brittle ones, will
appear stronger in compression than in tension, because the
compression test is generally less sensitive to internal ﬂaws
compared to tensile testing. One point to consider is that fric-
tional forces at the surface of the platens where they meet
the ﬂat ends of the cylindrical specimen can create complex
stresses that violate the principles of the testingmethod if the
specimen itself is not perfectly parallel. To overcome this prob-
lem, it is common to place a piece of thin paper over the ends
of the specimens to help distribute the forces more uniformly
and avoid stress concentrations that cause failure by edge
chipping, as opposed to internal stresses. Because of the lack
of correlation between compression testing and clinical failure
[4,5], and because many lower strength composites undergo
signiﬁcant plastic deformation during such tests, leading to
inaccurately high strength values, this test is not particularly
recommended for composites, though it is frequently reported
[17].
2.1.3. Tension (ASTM D638-14 [18]; ISO 527-2 [19])
2.1.3.1. Uniaxial tensile testing. As statedpreviously, it is likely
that most dental restoratives fail by tensile stresses set up
within their structure due to complex loading of their complex
geometries. This would suggest that tensile testing would be
themost appropriate testingmodality, and there are standards
developed for othermaterials that can be followed. The typical
shape of a specimen for tensile testing resembles a dumbbell,
or dog-bone, which provides a center region (the gauge length)
Fig. 4 – Schematic of the compression (a), tensile (b), and
diametral tensile (c) method.
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with a smaller diameter than the ends of the specimen, thus
concentrating the stress in the middle and ensuring that fail-
ure will occur there (Fig. 4b). The difﬁculty with the test is
that the specimen must be formed or shaped into the com-
plex dumbbell, and this often leaves irregularities and stress
concentrators from which failure occurs, thus nullifying the
results of the test. The test therefore is fairly technique sensi-
tive in that specimen alignment is also critical to ensure that
loading is truly uniaxial. For these reasons, the tensile test is
not very frequently used to measure the strength of dental
composites, despite its applicability [20]. However, the need to
be vigilant in terms of the testing sequence should not deter
researchers from using this test method.
2.1.3.2. Diametral tensile testing (ANSI/ADA Speciﬁcation #27
[21]). Owing to the difﬁculties in conducting high quality uni-
axial tensile tests for brittle materials, the diametral tensile
test (otherwise known as the Brazilian test) was developed
and has been used frequently for dental composites [22]. This
method is based on the breaking of a disk, or cylinder, resting
on its side so that the upper and lower platens of the testing
machine supply a force to a line axis across the entire length of
the specimen (Fig. 4c). Again, specimen production is critical
to ensure that the entire surface of the specimen is uniformly
loaded, and for this reason,most studieswith thismethod use
a disk which has a shorter length dimension so less material
must be in simultaneous contact with the loading and support
platens. The diametral tensile test is only considered accurate
when the specimen breaks uniformly down the middle, the
principle being that as the disk is squeezed along its diame-
ter, tensile stresses are established along its central diameter,
pulling thematerial apart in a tensilemanner. The failed spec-
imen should be two halves of the disk or cylinder, and not a
distribution of fractured pieces which would suggest a poten-
tially invalid loading condition.
2.1.4. Impact (ASTM D256-10 [23]; ISO 179-1-2010 [24])
Impact testing is different than a test of static strength in that
in the latter, the load is applied to a specimen from the point
of initial contact and continuing through to failure at a con-
stant loading rate. In impact testing, a specimen, often a beam
or plate, is subjected to a sudden, single contact load from an
applicator that is swung into or dropped onto the specimen
from a speciﬁed height (potential energy). The specimen is
therefore either broken at a very rapid rate of force delivery, or
supports the weight of the load, and impact strength is calcu-
lated as the absorbed energy per specimen cross section upon
fracture. It is actually a measure of the ability of the material
to absorb shock, and in fact may better reﬂect its toughness,
i.e. ability to absorb energy. A commonmethod is the Izod test
method, in which a beam is supported on only one side, like
a cantilever. In another popular method, the Charpy method,
the beam is supported at both ends. Both methods may be
used with a specimen with a precise notch to ensure failure
at a speciﬁed position, and also to determine the notch sen-
sitivity, or brittleness of a material. The test is not commonly
used for dental composites [25].
2.1.5. Shear (ASTM D732-10 [26])
The shear test is likely most suited to materials that are not
brittle, but have ductile characteristics. Shear denotes amate-
rial’s ability to resist sliding type stresses, where the material
is sliding against itself in the direction of its length, rather
than across itself. However, a punch test exists for plastics and
composites in which a punch tool is driven through a plate or
sheet ofmaterial and the force is dividedby the cross-sectional
area to determine a shear punch strength. This method has
been used with dental composites [27,28]. Shear strength is
not typically measured as a bulk property of a material, but
rather is typically used to assess the adhesion between two
different surfaces. A modiﬁcation of a simple shear test has
also been used to test the bond strength of one material to
another by inserting or curing the second material within a
hole in the ﬁrst, and then “punching” out the circular speci-
men in the center by loading through a piston to determine
the shear bond strength [29].
2.2. Fracture toughness
Fracture toughness differs from strength, in that it is an inher-
ent property of a material, and therefore its value should be
independent of testing modality or specimen geometry. Frac-
ture toughness is a measure of a material’s resistance to the
propagation of a crack from a preexisting ﬂaw of known size
and inﬁnite sharpness, i.e. a pre-crack. Because most materi-
als containﬂaws, loadapplication typically causes failure from
such a ﬂaw, and strength properties are reduced as compared
with those measured from perfect surfaces. As the ﬂaw char-
acteristics are difﬁcult to determine a priori in strength tests,
the fracture toughness test requires a specimen be produced
with a speciﬁed ﬂaw from which failure will be generated
through crack propagation. For dental composites, this ﬂaw
can be produced by being molded into the specimen during
curing, or can be cut into the specimen after it has been cured.
The ideal andmost correctmethod for fracture toughness test-
ing is to load a slightly notched specimen in fatigue to create
a true inﬁnitely sharp “pre-crack”. But this is often very difﬁ-
cult to do with brittle materials, especially those of the small
size desired for testing dental composites, because the cracks
are difﬁcult to control once they are created and the specimen
typically fractures during production. Therefore, alternative
approaches for producing the crack initiating ﬂaw, such as
molding a very sharp notch with a razor blade or sharpen-
ing an existing notch with a sharp blade and an abrasive, have
become common practice.
Because fracture is one of the primary failure modes for
dental composites, this property is highly relevant for char-
acterizing them. A systematic review has revealed a weak
positive correlation (correlation coefﬁcient rho=0.34) between
fracture toughness and clinical fractures of posterior resin
composite restorations (31 different materials) [5]. Others
studies have shown correlations of fracture toughness and
marginal breakdown and wear of composites [30,31]
There are many ways to test this property, as described
below (Fig. 5). The choice is often made based on conve-
nience. However, it is important to note that accurate and
reliable testing is based on having proper equipment of very
low compliance such that all deformation occurs in the spec-
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Fig. 5 – (a) Specimen geometry for the determination of
fracture toughness by the single-edge notched method. (b)
Specimen geometry for the determination of fracture
toughness by the compact tension method. (c) Specimen
geometry for the determination of fracture toughness by
the double torsion method. (d) Specimen geometry for the
determination of fracture toughness by the short rod
method.
imen and is not lost to the testing jig or loading frame. This
requirement is based on the fact that the equations for the
calculation are based on the material being loaded in a state
of linear elasticity. In fact, compliance is typically measured
and then accounted for within the test to provide the most
accurate result for fracture toughness, which is deﬁned as the
stress intensity factor, K. Because the test may be conducted
in a number of ways, the stress intensity factor may denote
a failure in plane strain (I), plane stress (II), or a combined
mode. When the test is compliant with all of the require-
ments for minimal plastic deformation, i.e. brittle failure,
the stress intensity is denoted as critical, designated by a
“c”. Thus, the most common test for fracture toughness is
completed by loading a specimen with a precisely measured
pre-crack in tension and obtaining a load to failure to pro-
duce a value for KIc. Materials that have very high fracture
toughness are typically not brittle, and rather fail in a ductile
manner. The converse is true of brittle materials, and dental
composites tend to fall into this latter category, typically hav-
ing relatively low fracture toughness. However, composites do
undergo some plastic deformation during testing, the extent
being dependent upon the material’s characteristics, i.e. ﬁller
load predominantly, and thismust be consideredwhen testing
in order to ensure that the reported value is truly accurate and
valid. Sometimes a value for K will be reported, without the
subscripts, because the validity of the test method cannot be
conﬁrmed. In such cases, it is possible to apply alternate anal-
ysis methods that account for signiﬁcant amounts of plastic
deformation, such as the J-integral method.
2.2.1. Single-edge notch—3-point bending (SENB) (ASTM
D5045-14 [32]; ISO/NP 13586 [33])
A common method for testing fracture toughness of den-
tal composites is to load a sharply notched beam in 3-point
bending, thus imposing a tensile force upon the notch (i.e.
the pre-crack), causing fracture through the thickness of the
specimen (Fig. 5a). The beam should have dimensions appro-
priate to the linear elastic fracture mechanics requirements,
in which the length of the loading span is about 10× greater
than the thickness of the specimen. The critical assumption
in this test is that the tip of the notch is inﬁnitely sharp, as
a true pre-crack would be. For many materials, such as met-
als, specimens are cycled in tension to produce a crack of
measureable length from the tip of the notch, thus creating
a pre-crack. As previously discussed, this is difﬁcult to impos-
sible in brittle materials. It is possible to do with composites,
but the specimen needs to be very large, and this is typically
cost prohibitive. Thus other attempts have been made to cre-
ate true pre-cracks of inﬁnite sharpness, such as sawing sharp
notches, sharpening the tip of notches with a very sharp blade
or abrasive paste, or tapping a blade into the notch to prop-
agate the crack. The literature is full of studies using these
varied techniques, and likely the differences in the extent
to which the methods truly comply with the requirements
of the test method account for the sometimes highly varied
outcomes reported.
2.2.2. Compact tension (ASTM D504-14 [32]; ISO/NP
13586 [33])
The compact tension method (Fig. 5b) is similar to the 3-point
bending method in that a tensile force is applied across a
notch, but the specimen is typically in the form of a plate and
the load is applied from holes in the top and bottom of the
plate to produce tensile opening of the notch. This method
typically requires themeasurement of the opening of the crack
using strain gauges or extensometers to accurately determine
the distance the notch is opening for a given load. When pre-
cisely controlled, this testmethod can be used to providemore
extensive data than the simpler beam bending method. It is
possible to determine characteristics such as “R-curve behav-
ior”, where the fracture toughness actually increases as the
length of the crack increases. In other words, the material
becomes tougher as the crack grows, and is more resistant to
catastrophic fracture. This toughening occurs due to speciﬁc
energy dissipatingmechanisms that become activewithin the
material during loading and cracking. The results from this
method have been shown to correlate fairly well with those
from the single-edge-notched beam [34].
2.2.3. Double torsion (ASTM C1421-10 for ceramics [35])
The double torsion method (Fig. 5c) is described by placing
a plate specimen containing a groove on its bottom surface
within which the crack will propagate during the test [36]. The
plate is placed upon a set of parallel rods (rollers) running in its
length direction, and load is applied near one end of the plate
via two point surfaces placed on opposite sides of a precisely
made notch to produce tension and crack propagation from
the end of the notch. Once a critical load is reached, the crack
will propagate down the groove and is visible andmeasureable
on the top surface. The crack will stop when the critical stress
is no longer present, thus allowing one to make several mea-
surements on the same specimen by propagating the crack
down the plate via multiple loadings and measurements of
crack propagation vs. load. Another interesting aspect is that
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even if the notch is not inﬁnitely sharp, the ﬁrst load condition
produces a fresh pre-crack, and each crack then serves as the
pre-crack for the next test. For dental composites, these values
have been shown to correlate fairly well with those obtained
from the single-edge-notched beam and the compact tension
methods [34].
2.2.4. Chevron notch (ASTM E1304-97 [37])
The chevronnotchmethodutilizes a cylindrical specimen that
contains a chevron notch at one end, and the fracture is pro-
duced by loading the cylinder such that the notch is opened in
tension (Fig. 5d). This method requires the notch to be either
formed during curing or cut into the specimen after curing.
The values from this method for dental composites have typ-
ically been shown to be higher than those obtained from the
previouslymentionedmethods, though thismay be due to the
use of a testing setup of higher than acceptable compliance,
allowing for extraneous deformation of the test system [34].
2.2.5. Indentation
A common, though controversial, method for measuring
fracture toughness of ceramics is the indentationmethod, typ-
ically with a Vicker’s pyramid indenter [38,39]. The object of
the method is to create an indent on a highly polished sur-
face, from which cracks will propagate from the tips of the
indentation. This will only occur if the material displays brit-
tle characteristics, as the cracks relieve the energy absorbed
by the material from the indenter, the length being related
to the toughness of the material, i.e. shorter lengths or less
propagation for tougher materials. However, if the material
deforms plastically to absorb the stress, crack propagationwill
not occur. Thus, this test method is typically not amenable
to dental composites, which typically have sufﬁcient plastic
deformation and do not generate cracks during the indenta-
tion.
2.3. Edge strength—chipping
Dental materials, like resin composites, amalgam and porce-
lain, often suffer from chipping or fracture at the margins
or at unsupported edges. This is a difﬁcult characteristic to
quantitate, but some have attempted to do this using an edge
strength test where an indenter is applied near to the edge of
a specimen, and the force required to cause a chip of material
to be fractured off is quantitated [40–43]. There is no stan-
dard test method, but some have used a piece of equipment
made speciﬁcally for this purpose to make indents at spe-
ciﬁc distances from the edge of a specimen and measured
force to cause fracture. There is essentially a linear relation-
ship between force and distance from the edge, so the edge
strength is chosen as the maximum force to create a chip at a
distance of 0.5mm.
2.4. Fatigue
Fatiguemay be themost important property for dentalmateri-
als that are exposed to periods of cyclic loading while chewing
food. It is likely that failures occur over time due to the
accumulation of damage produced by cyclic forces that do
not exceed the fracture strength. Fatigue is a complex phe-
nomenon, and many of the critical variables affecting fatigue
of dental composites have recently been reviewed [44]. It is
likely that cracks propagate from existing ﬂaws, not catas-
trophically to failure due to a single loading event, though this
is of course possible, but due to extension of the crack and the
formation of other localized damage until the material can no
longer support the loading conditions. Fatigue is more likely
to be initiated from sites subject to high stress concentrations,
such as sharp edges, grooves, surface and internal ﬂaws, and
other imperfections. Fatigue testing is generally fairly labor
intensive and expensive in that it requires a lot of time and
material to completely characterize it. For this reason, it is
not as common as measuring strength or toughness of dental
composites.
2.4.1. Fatigue resistance/limit (ASTM D7791-12 [45];
ASTM D7774-12 [46])
The most common method for measuring fatigue is to take
a material, typically in a dumbbell shape in order to concen-
trate stress at the smaller diameter region in the center of
the specimen away from the grips holding the specimen, and
cyclically load it in tension at a speciﬁed frequency that repre-
sents its usage condition. The test can also be accomplished
with beams in bending. The test is begun with a high stress
(S), near the tensile stress of the material, and proceeds until
the material fails by fracture, recording the number of cycles
required. A new specimen is then tested at a slightly lower
stress and again tested until failure. This is continued, record-
ing the number of cycles to failure (N), and a curve is plotted
of stress vs. log of cycles to failure (S–N curve). At some level
of stress, the specimen can be cycled for an inﬁnite period of
time, perhaps 10 million cycles or more, without failure. This
stress is denoted as the fatigue resistance, endurance limit, or
the fatigue strength. One can then design a material to func-
tion at stress values that never rise above this value to ensure
that it does not fail under fatigue conditions. For example,
in the dental situation, chewing is typically performed at a
frequency of 1–2Hz (cycles per second), or 60–120 chews per
minute. To determine the fatigue resistance, whichmay occur
at more than one million cycles, would require cyclic load-
ing of a single specimen for one to two weeks. In addition,
many additional specimens would need to be loaded for var-
ious periods of time to produce the entire S–N curve, thus
likely requiring one month to complete one material. Some
have investigated the fatigue resistance of dental composites
by testing to a maximum number of cycles, such as 100,000
[47]. While this may be the optimal way to describe fatigue
behavior, the expense has caused the development of other
methods that have been used for dental composites and other
materials. The staircase method is an example.
2.4.2. Fatigue strength—staircase method
In the staircasemethod (Fig. 6), a specimen, typically a beam, is
tested in 3-point or 4-point bending beginning at some stress
level approaching one-half of the fracture strength of the
material as determined from a typical static test as described
above [48,49]. The specimen is cyclically loaded at an appropri-
ate frequency, such as 1–2Hz, for a pre-determined number of
cycles, such as 5000–10,000. The choice of cycles is somewhat
arbitrary, but should be enough to ensure that the specimen
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Fig. 6 – Example of the stair-step method for two
resin-based composite (RBC) formulations (FFL =ﬂexural
fatigue limit).
is subjected to enough cyclic stress to potentially generate
internal damage. If the ﬁrst specimen survives the number
of applied cycles, a new second specimen is made and tested
for the same number of cycles at a stress level that is raised by
some amount, perhaps 5% higher. If the ﬁrst specimen fails,
the load level is reduced by the same amount for the second
specimen. Testing proceeds in this waywith about 20–30 spec-
imens, raising and lowering the stress based on surviving or
failing at the tested load in an effort to “focus in” on the fatigue
strength of the material. This is calculated with an appropri-
ate statistical method. Because loading is accomplished for a
speciﬁc number of cycles, each specimen is tested for a max-
imum of an hour or so when 1–2Hz is used. Thus, this test
method is more economical than the fatigue resistance test,
is easier to perform because a simple beam specimen can be
used, and provides a value for fatigue strength, which for den-
tal composites is typically about 55–65% of the static ﬂexure
strength [50].
3. Guidelines/speciﬁc recommendations for
measuring the Elastic Modulus
An elastic modulus, or modulus of elasticity, is deﬁned as an
object or substance’s resistance to being deformed elastically
(i.e., non-permanently)whena force is applied to it. The elastic
modulus is calculated as the slope of the stress–strain curve in
the elastic deformation region. Besides, an indentation mod-
ulus may be assessed from indentation-depth techniques, as
the slope of the tangent line adapted to the beginning (atmax-
imum force) of the non-linear indentation depth curve upon
unloading [51]. For resin composites, a good correlation was
identiﬁed between indentation and elastic modulus (three-
point bending test) [52], both moduli correlating well with the
total inorganic ﬁller load of the material [53].
3.1. Elastic Modulus
A wide variety of mechanical tests involving a stress–strain
curve recording are used to determine the elastic modulus of
resin composites.
3.1.1. Tensile
Ideally, tensile tests should be used (Fig. 4), but no speciﬁc
standards for dental materials are available, since standard
dumbbell-shaped test specimens commonly used for plastics
[19] are too large and expensive to machine for resin com-
posites. Moreover, tensile properties are known to vary with
specimen preparation and with speed and environment of
testing. Consequently, precise comparative results are possi-
ble only if these factors are carefully controlled and indicated
in standards. The ﬁxture of specimens is also difﬁcult and
special clamping grips, adapted to a small specimen size, are
needed. Bonding composite samples to jigs with cyanoacry-
lates or other adhesive is not recommended. For additional
information about this test also consider Section 2.1.3.1. These
experimental difﬁculties have motivated researches to use
alternative test methods.
3.1.2. Flexure (ISO 4049 [3]; NIST No. 4877 [54])
The most common and highly rated tests to evaluate the
modulus of elasticity for resin composites involve three- and
four-point loading (Figs. 1 and 2) of rectangular bar specimens
((2× 2× 25)mm, ISO 4049 [3] or (2× 2× 18)mm, NIST No. 4877
[54]). The latter is usually further speciﬁed by a description
of the distance from the outer support points and the inner
points, such as 1/4 or 1/3 for four-point loading. Direct obser-
vations of the deﬂection and the load are recorded, allowing
one to determine the stress-strain relationship. The small size,
low costs, and easy preparation of a ﬂexural specimen account
for its popularity, but there are distinct drawbacks as well. The
fundamental differences between both testing procedures are
the location of themaximumbendingmoment andmaximum
axial ﬁber stresses. Themaximumstress occurs directly below
the loading point in three-point loading and is spread out over
the area between the loading points in the four-point system.
Thebending creates a stress gradient in the specimenandonly
a small volume is exposed to high tensile stress. The speci-
mens are very sensitive to edge or surface defects. The test is
deceptive in that it appears simple to set up and conduct, but
misalignments and experimental errors can easily falsify ﬁnal
results.
When comparing a three- and a four-point loading test,
the elastic modulus was proven to be less sensitive to the test
procedure than the ﬂexural strength [55]. While the strength
measured in a three-point testing procedure is higher com-
pared to a four-point testing procedure, no difference among
3 and 4-point bending were identiﬁed for elastic modulus
(in denture-base polymers [55]), basically because its calcu-
lation is done by use of a tangent to the initial slope of the
load-deﬂection curve. It must, however, be considered, that
the elastic modulus of polymers increases with decreasing
temperature and with increasing strain rate. Therefore, both
conditions must be carefully controlled and standardized. It
is recommended to carry out the test in a water bath main-
tained at 37 ◦C or at least at a constant and measured room
temperature. As for the strain rate, there is a limit in most
polymers above which they are brittle. This limit was esti-
mated at around 10% perminute for polymethyl methacrylate
(PMMA) at room temperature. A crosshead speed of 5mm/min
wasdetermined to correspond to a strain rate of 3%perminute
in denture-base polymers [55]. For resin materials, crosshead
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speeds varying between 0.1mm/min and 5mm/min are often
used. Besides, the span-to-depth ratio (refer to ISO 4049 [3]
or NIST No. 4877 [54]), the light exposure (radiant exposure,
exposure time, exposure procedure, curing unit characteris-
tics, etc.) as well as the aging time and procedure must be
clearly deﬁned and indicated. A direct comparison of materi-
als is only possible within identical measuring conditions as
well as specimen sizes and preparation methods.
3.1.3. Other loading conditions
Beside the described methods, the elastic modulus may
also be calculated from the elastic deformation region of
stress–strain curves determined under other loading condi-
tions (consider therefore Section 2.2), such as bi-axial ﬂexural
[56] (BFS-piston-on-three-ball; -ball-on-ring or -ring-on-ring,
ASTM F394-78 [12]), compression [15] or diametral compres-
sion (Brazilian disk test) (Figs. 3 and 4) [21]. These types of tests
are, however, less popular. In all tests, specimen alignment
plays an important role in achieving even load distribution,
which contributes to the consistency of the results. Test
specimen preparation, conditioning, dimensions, and testing
parameters must be clearly speciﬁed.
3.2. Indentation modulus (ISO/FDIS 14577-1 [57],
ASTM E2546-07 [51], [58])
The indentationmodulus determined by depth sensingmeth-
ods is ranked in its importance as high as the elastic modulus
determined in a bending test and might allow for a rapid and
precise assessment of the material’s resistance to deforma-
tion. While the needed equipment is expensive, the specimen
preparation requires a surface of low roughness, ideally
smooth polished and even (the maximum deviation in par-
allelism should not exceed 0.1mm in 50mm) [57]. A manual
polishing is consequently insufﬁcient and automatic polish-
ing devices, allowing for good parallelism, are recommended.
The specimen’s surface must be completely free of any lubri-
cants, polish pastes, waterproof pen marks or any visible
surface ﬂaws. The distance between the centers of two adja-
cent indentations shall be at least 20 times the indentation
depth and the specimen thickness needs to be about 10 times
the indentationdepth. Test forcemust alwaysbe indicatedand
must be high enough to induce an indentation larger than the
ﬁller size, to avoid inhomogeneity of the results due to large
ﬁller particles, ﬁller agglomerates or matrix rich areas. The
indentation modulus can be determined either in a static or a
dynamic test procedure.
3.2.1. Static
A static approach involves an automatic or semi-automatic
universal-hardness device. The test procedure may be carried
out under force- or indentation depth-control. Themeasuring
principle involves forcing a diamond indenter into the surface
of the specimen (usually a Vickers pyramid, or a Berkovich
indenter, but also Knoop [59], spherical or cube corner inden-
ters [60] are used). The test force and the indentation depth
are measured during the test procedure at increasing as well
as at decreasing force. The result of the test is the relation
between test force and the relevant indentation depth. The
load is increased and decreased at a constant speed (or force).
The indentation modulus is determined from the slope of the
tangent line adapted to the beginning (at maximum force)
of the non-linear indentation depth curve upon unloading
[57,58]. A good correlation between indentation modulus and
the elastic modulus determined in a three-point bending test
was identiﬁed for resin composites [52].
3.2.2. Dynamic
A dynamic approach (dynamic mechanical analysis, DMA)
measures the properties of materials as they are deformed
under periodic stress. Speciﬁcally, in DMA a variable sinu-
soidal stress is applied, and the resultant sinusoidal strain
is measured. Resin composites are viscoelastic materials. If
the material being evaluated is purely elastic, the phase dif-
ference between the stress and strain sine waves is 0◦ (i.e.,
they are in phase). If the material is purely viscous, the phase
difference is 90◦. In viscoelastic resin composites, this phase
difference, together with the amplitudes of the stress and
strain waves, is used to determine a variety of fundamental
material parameters, including storage modulus, loss modu-
lus, complex modulus, and tan delta (the loss factor) [61].
4. Guidelines/speciﬁc recommendations for
measuring hardness
The resistance of a solid to local deformation characterizes the
general concept of hardness. Hardness is a result of a deﬁned
measurement procedure and is not an intrinsicmaterial prop-
erty. Basically, an indenter of a speciﬁed shape is pressed into
the surface of the material to be tested under a speciﬁc load
for a deﬁnite time interval, and a measurement is made of
the size or depth of the indentation after the force has been
removed.
Indentation tests or scratch tests have been used for more
than one century to determine the hardness of materials [62].
The ease with which the hardness test can be carried out
has made it one of the most common methods of character-
ization for resin composites. The traditional method to test
hardness – Brinell [63], Knoop [64], Rockwell [65] or Vickers
[66] – involves loading a hard indenter against the mate-
rial (Fig. 7). With materials that behave in an elastic/plastic
manner, the indenter leaves an indentation behind after it
is withdrawn. Hardness is deﬁned as a quantitative measure
of the deformation resistance and is calculated as the max-
imum applied load divided by the projected area of contact.
Fig. 7 – Indent shapes and their imprints in hardness
measurements: Vickers, Knoop, Rockwell and Brinell
Hardness.
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Within these classical hardnessmeasurements, only the plas-
tic part of the indentation process is considered. The method
was developedprimarily formetals, but also indentationhard-
nessmeasurements on relatively brittlematerials arepossible,
considering that under localized indentation, the stress dis-
tribution around the indenter is equivalent to a hydrostatic
pressure on which is superimposed a shear stress. In these
circumstances brittle fracture is often prevented [62]. Since
the deformation of resin composites is a mixture of plastic
and elastic components, an extension to depth sensing hard-
ness measurement approaches is recommended. Therefore,
a dynamic measuring principle is applied with simultane-
ous recording of the load and the corresponding penetration
depth of the indenter. The plastic as well as elastic part of the
indentation can be separated from the analysis of the load-
displacement data [60,67,68].
Hardness measurement can be deﬁned as macro-, micro-
or nano-scaled according to the forces applied and dis-
placements obtained (ISO 14577-1:2015 [57]): macro range:
2N≤ F≤ 30kN; micro range: 2N>F; h>0.2m; and nano
range: h≤ 0.2m (where F=Force and h= indentation depth).
Attention is drawn to the fact that the micro range has an
upper limit given by the test force (2N) and a lower limit given
by the indentation depth of 0.2m. For the nano range, the
mechanical deformation strongly depends on the real shape
of the indenter tip and the calculatedmaterial parameters are
signiﬁcantly inﬂuenced by the contact area function of the
indenter used in the testing machine. Therefore, careful cali-
bration of both instrument and indenter shape is required in
order to achieve an acceptable reproducibility of the materi-
als parameters determined with different machines. Besides,
the specimen’s surface must be smooth to permit a regular
indentation shape and good visualization for measurement,
and must be placed perfectly perpendicular to the indenter.
4.1. Indentation Hardness
The indentation hardnessmethods are described below in the
order of their frequency of use for resin composites.
4.1.1. Vickers hardness ISO/CD6507-1 [66]
The Vickers hardness test method (Fig. 7) consists of indent-
ing the test material with a diamond indenter, in the form of
a pyramid with a square base and an angle of 136◦ between
opposite faces subjected to a test force of between 1gf and
100kgf. The full load is normally applied for 10–15 s. The two
diagonals of the indentation remaining in the surface of the
material after removal of the load aremeasured using amicro-
scopeand their average calculated. TheVickershardness is the
quotient obtained by dividing the load by the square area of
indentation. The Vickers hardness number should be reported
together with the test force and the dwell time. Adequate
sample preparation and indentation closeness must be con-
sidered, as presented above in paragraph 3.2. The indentations
should be as large as possible to maximize the measurement
resolution. The test procedure is thus subject to problems of
operator inﬂuence on the optical reading of the diagonals.
Modern devices allow for automatic measurement of inden-
tations.
4.1.2. Knoop hardness (ISO 4545-1 [64])
In a Knoop hardness test a predetermined test force is applied
with a pyramid-shaped diamond indenter (with angles of
172.5◦ and 130◦ between the opposite edges at the vertex) for
a speciﬁed dwell time (Fig. 7). The time for the initial appli-
cation of the force should not exceed 10 s, and the test force
is maintained for 10 s–15 s. The Knoop hardness value is pro-
portional to the test force divided by the projected area of
the indentation. Compared to a Vickers indenter, the indenter
used on a Knoop test is more elongated in shape. While in the
Vickers hardness test the indentation length on the vertical
and horizontal axes are measured and averaged, the Knoop
method only uses the long axis. This measurement is then
converted to a Knoop hardness number using a chart. The
width of the Knoop indentation can provide more resolution
formeasurement and the indentation is alsomore superﬁcial.
The Knoop method is commonly used when indentations are
closely spaced or very near the edge of the sample. Load and
dwell time must be indicated. A strong correlation (r = 0.91)
was identiﬁed in resin composites betweenKnoop andVickers
hardness [69].
4.1.3. Rockwell hardness (ISO2039-2 [65])
The Rockwell method (Fig. 7) measures the permanent depth
of indentation produced by a force/load on an indenter (either
a 120◦ diamond cone with a 0.2mm radius spherical tip or a
ball indenter of a speciﬁed diameter). A two-step application
of force is required: ﬁrst, a preliminary test force (commonly
referred to as preload or minor load) is applied to a sam-
ple, maintained for a duration that does not exceed 3 s, and
an indenter depth reading is recorded. This load represents
the zero or reference position that breaks through the sur-
face to reduce the effects of surface ﬁnish. After the preload,
an additional load (major load) is applied to reach the total
required test load. This force is held for a predetermined
amount of time (dwell time) to allow for elastic recovery. This
major load is then released and the ﬁnal position is mea-
sured against the position derived from the preload, i.e. the
indentation depth variance between the preload value and
major load value. This distance is converted to a hardness
number.
4.1.4. Brinell hardness (ISO 6506-1:200 [63])
The Brinell method (Fig. 7) applies a predetermined test load
to a carbide ball of ﬁxed diameter which is held for a pre-
determined time period and then removed. The permanent
width of indentation is then measured across at least two
diameters—usually at right angles to each other and these
results averaged. Test forces range from 500 to 3000kgf. The
Brinell hardness value is proportional to the test force divided
by the surface area of the indentation. The greatest source of
error in Brinell testing is, as for the other indentation meth-
ods, the measurement of the indentation; the method is thus
somewhat subjective and operator dependent. Standardized,
automatic optical Brinell scopes using computers and image
analysis to read the indentations are available and might be
considered. Load and dwell time must be indicated. The use
of Brinell hardness tests in testing resin composites is less
frequent.
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4.2. Instrumented indentation (ISO/FDIS 14577-1
[57]; ASTM E2546-07 [51])
Compared to indentationhardness, instrumented indentation
methods are depth sensing hardnessmeasurements that pro-
vide the ability tomeasure the indenter penetration under the
applied force throughout the testing cycle. They are therefore
capable of measuring both the plastic and elastic deforma-
tion of the material under test. The instrumented indentation
(ISO/FDIS 14577-1 [57], ASTM E2546-07 [51]) incorporates a
method recording and evaluating the loading and unload-
ing cycle while the test procedure may be carried out under
force- or indentation depth-control. Therefore, a full set of
data, including force, depth and time, is recorded with a
qualiﬁed rate. The test force-indentation depth curve is used
to determine the hardness under load, thus, including the
elastic part of indentation work, and, further, it derives addi-
tional material characteristics. Load and penetration depth of
the indenter can be continuously measured during the load-
unload hysteresis. Instrumented indentation is therefore able
to determine both the indentation hardness (HIT) and the
Martens hardness (HM) of a material.
4.2.1. Indentation hardness, HIT
The indentation hardness (HIT) is equivalent to the Meyer
Hardness and similar to the Vickers Hardness when a Vick-
ers indenter is used and hardness is calculated from the test
force divided by the projected area of the indenter in con-
tact with the test piece at maximum load. In many materials,
the area of contact under moderate forces is a good approx-
imation to that which remains when the indenter is fully
unloaded and removed from the surface. In such cases, the
indentation hardness is very similar to Vickers hardness. The
difference is that the indentation area is calculated frommea-
sured displacement data instead of optical measurement and
the Vickers scale assumes a perfect geometry, whereas instru-
mented indentation uses a measured shape of the indenter
that makes allowance for tip rounding and other common
deviations.
4.2.2. Martens Hardness, HM
TheMartensHardness (also knownasUniversal hardness, HU)
is deﬁned as the test force divided by the apparent area of
indentation under the applied test force. Some software allow
for a conversion of the Martens Hardness to the more familiar
Vickers hardness.
5. Guidelines/speciﬁc recommendations for
measuring wear resistance
Intraoral wear occurs by different mechanisms. When teeth
come into contact without a food bolus or any other inter-
mediary, this is called two-body or attrition wear [70]. When
a person chews on food items or brushes their teeth with
a toothbrush and toothpaste, three-body or abrasive wear
results. Buccal and lingual tooth surfaces are mainly exposed
to mechanical oral hygiene procedures causing abrasive wear,
while the occlusal surfaces are subject to both attrition and
abrasive wear, which occur almost simultaneously or in short
subsequent episodes. Another phenomenon is described as
adhesion wear and occurs when two solid surfaces slide over
one another under pressure. Surface projections or asperi-
ties are plastically deformed and eventually joined together
by the high local pressure. In the process, material may be
transferred from the artiﬁcialmaterial on one tooth to the arti-
ﬁcial material on the opposing tooth or to the tooth enamel.
Likewise, a similar transfer of material may happen on the
proximal surfaces of adjacent teeth. Fatiguewear occurswhen
large portions of dental hard tissues or restorative material
chip off. If this occurs on the cervical part of the tooth, the
term “abfraction” is used.
Resin composites show a particular wear pattern because
many characteristics associated with their composition
directly inﬂuence their wear resistance. Optimally, the loading
force is completely transferred fromthematrix to theﬁller par-
ticles. The size, shape and hardness of the ﬁllers, the quality of
the bonding between ﬁllers and polymermatrix, and the poly-
merization dynamics of the polymer all have an effect on the
wear characteristics of a dental composite [71]. The composi-
tion of the composite inﬂuences the physical and mechanical
properties, such as ﬂexural strength, fracture toughness, Vick-
ers hardness, modulus of elasticity, curing depth, etc. [72], and
these properties, in turn, may inﬂuence wear. When there is
direct contact between composite and an antagonist, thewear
pattern is mostly a combination of attrition/abrasive wear
and microfatigue, and the friction coefﬁcient and the surface
roughness are determining factors for the wear rate. Thus, the
size and volume of the ﬁllers affect the wear rate. A low elas-
tic modulus in the material leads to larger contact areas and
consequently to lower pressures. Large ﬁller particles, on the
other hand, are associated with high friction coefﬁcients and
lead to high internal shear stress in the polymer matrix. The
latter in particular was most evident in the early composites
of the 1980’s, which contained large ﬁllers and showed exces-
sive wear in the posterior region in a short period of time [74].
This was clinically visible as loss of contour.
To better study this phenomenon, researchers developed
methods to predict wear through laboratory tests [73]. In 2001,
the International Organization for Standardization (ISO) pub-
lished a Technical Speciﬁcation on “Guidance on testing of
wear”, describing 8 different test methods of two- and/or
three-body contact [74] (see Table 1). Another ISO Technical
Speciﬁcation covers the wear caused by tooth brushing [75].
However, contemporary restorative materials, including com-
posites, have been shown tobe very resistant to toothbrushing
both in vitro [76,77] and in vivo [78].
The different two- and three-body test methods vary with
regard to load, number of cycles and their frequency, abra-
sive medium, type of force actuator, sliding movement, etc.
Many of these tests fail to deﬁne a qualiﬁcation protocol for
the test equipment or a validation procedure for the test
method,which is run in conjunctionwith the equipment. Both
qualiﬁcation and validation, however, are indispensable pre-
requisites for a test to become a standard laboratory test [79].
The test equipmentmust operatewithin acceptable and repro-
ducible limits and tolerances. Especially, the reproducibility of
test results is a prerequisite to fulﬁl the criteria of a validated
test method. Otherwise, it is always necessary to repeat wear
tests with a reference or standard material, which is time-
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consuming and reduces the signiﬁcance and validity of the
test method. Some of the methods listed in Table 1 do not
allow for the generation of reproducible results. A system-
atic review showed that the wear rate results for the same
composite subjected to the same wear method and using the
same wear parameters varied between 30% and 70% [80]. This
variability is probably attributable to the fact that employed
devices were not appropriate for the intended use.
At present, only three chewing simulators which use two
axes ofmovement (vertical and horizontal) fulﬁl the criteria of
a qualiﬁed device: the Willytec chewing simulator [80,81], the
MTS chewing simulator [82,83] and the Bose ElectroForce 3330
DentalWear Simulator. For the latter, however, no studies have
been published. Some institutes developed their own systems
such as theOHSUmachine [84], the Alabamamachine [85], the
Zurich machine [86], the Regensburg simulator [87], the ACTA
machine [88] and the BIOMAT simulator [89]. More recently, a
complex system with six actuators has been developed at the
University of Bristol: the Dento-Munch Robo-Simulator [90].
This simulator tries tomimic the entire process ofmovements
of the lower jaw by using a Stewart platform.
As all simulators and wear methods follow different
approaches because they are based on different operational
concepts, the results cannot be compared. This has been
shown in a blind round robin test (the test centers did not
knowwhichmaterial theywere testing) on 9materials (7 com-
posites, 1 ceramic, 1 amalgam) which were assessed with 6
different methods (ACTA, Alabama, Ivoclar, Munich, OHSU,
Zurich) [91].
A device that is used to test dental materials for wear
should ideally have the following features:
• Force and force impulses should be reproducible and
adjustable in the range of 20N–150N. Preferrably, calibration
should not be necessary before testing a material.
• A lateralmovement of the stylus should be integrated in the
system to be able to test the material for microfatigue.
• Constant water exchange should also be integrated to
remove abraded particles from the interface between stylus
and material.
• All movements should be computer-controlled and
adjustable.
One of the best compromises in terms of cost and efﬁciency
is the commercially available two-axis chewing simulator,
Willytec (SD Mechatronik, Germany). Systematic tests have
shown reproducibility of results, easy modiﬁcation of test
parameters, costs and maintenance are all in an acceptable
range. This chewing simulator operates with dead weights
that are put on vertical bars which are descended with a servo
engine. Additionally, a lateral movement can be integrated
into the wear method. Both the vertical and horizontal axes
are computer-controlled. Speed and length of all movements
can be varied and the simulator can also be used for fatigue
testing. The chewing simulator comes with 2/4/8 chambers so
that 2/4/8 specimens can be tested at the same time. The sim-
ulator can optionally be combinedwith simultaneous ﬂooding
and evacuation of each chamber with water of different tem-
peratures (i.e. thermocycling).
Fig. 8 – A conical shaped ceramic stylus with enamel-like
properties moves on a ﬂat composite specimen with a
lifting movement and standardized force (eg. 50N) and
speed (eg. 20mm/s) creating a wear facet.
The followingwear inﬂuencing factors should be taken into
consideration:
Surface roughness of specimen: The surface roughness of the
specimens prior to carrying out the wear should be standard-
ized, although the inﬂuence appears to be small [92].
Number of specimens: The scattering of the results expressed
by the coefﬁcient of variation (mean divided by standard
deviation) determines the number of specimens required to
statistically differentiate betweenmaterials. The variability of
the test results mainly reﬂects the quality of the wear testing
device but also the quality of the specimens can contribute to
the variability. The more robust a device is constructed and
the more reproducible test parameters such as force, speed of
stylus, etc. can be maintained, the lower is the variability [80].
Loading force: Higher forces produce more wear. However,
the relationship does not seem to be linear. There might even
be a certain threshold atwhich an increase in the loading force
no longer results in an increase in wear [80,93].
Type of stylus material: Enamel should be the material of
choice due to its relevance. But it is not possible to standard-
ize the composition of a biological substrate, and extracted
teeth are often in short supply, which makes it necessary
to employ alternative materials For instance, the pressable
leucite-reinforced ceramic IPS Empress is a suitable mate-
rial for this purpose and generates a similar wear rate as an
enamel stylus of the same shape (Fig. 8) [94].
Size and shape of stylus: Apointed stylusproducesmorewear
than a ball-shaped stylus as a ball-shaped stylus has a larger
contact area between stylus and material than a sharp one,
thus producing less fatigue stress on the material [81,95,96].
Sliding of stylus: Sliding is an essential component of a wear
testingmethod in order to subject thematerial tomicrofatigue
[97].
Descent/lifting speed of stylus: The speed with which the
stylus contacts the surface of the specimen creates a force
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impulse, which is different with varying speeds. If weights are
used to exert a force, then the force that is generated on the
material is the product of the weight and the descent speed
(F =m×a, N). Another variable is the time during which the
force is exerted, i.e. the force impulse is the product of the
force and the time the force is applied (F = F× t, Ns).
Lubricant: Lubricants, such as artiﬁcial saliva, reduce the
wear as they lower the friction coefﬁcient. A constant change
of water removes the worn particles from the interaction
zone between stylus and material, thus reducing the effect of
the worn material, which, otherwise, may act as an abrasive
medium.
Number of cycles: The wear increases with increasing num-
ber of cycles. Most in vitro wear test methods demonstrate a
“running-in” phase with a steep increase in wear in the initial
phase and a ﬂattening of the wear curve thereafter.
Abrasive medium: An abrasive medium may reduce wear
compared to water [98]. Furthermore, the composition as well
as the type of the abrasive medium affects the wear rate
[99,100].
The wear simulation should follow physical principles: Thewear
simulation should imitate tribological phenomena that occur
in the mouth in a standardized way [101].
A wear method should not only be internally valid, which
means that the results for the samematerial tested at two dif-
ferent points in time are similar, but the wear method should
also be externally valid, which means that the results corre-
late with in vivo ﬁndings. The raw data on clinical wear of
restorative materials was used to correlate the clinical wear
results with those of the most frequently cited wear methods
[102]. A moderate correlation was found for OHSU (abrasion).
Almost no correlation was found for the ACTA method and a
weak correlation for the Alabama, Ivoclar, Munich and Zurich
methods (see Table 1). The combination of different methods
did not improve the correlation.
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